Climate is a primary control on the chemical composition of paleosols, making them a potentially extensive archive applicable to problems ranging from paleoclimate reconstruction to paleoaltimetry. However, the development of an effective, widely-applicable paleosol temperature proxy has remained elusive. This is attributable to the fact that various soil orders behave differently due to their respective physical and chemical properties. Therefore, by focusing on an individual order or a subset of the twelve soil orders whose members exhibit similar process behavior, a better constrained paleothermometer can be constructed. Soil chemistry data were compiled for 158 modern soils in order to derive a new paleosol paleothermometry relationship between mean annual temperature and a paleosol weathering index (PWI) that is based on the relative loss of major cations (Na, Mg, K, Ca) from soil B horizons. The new paleothermometer can be applied to clay-rich paleosols that originally formed under forest vegetation, including Inceptisols, Alfisols, and Ultisols, and halves the uncertainty relative to previous approaches. A case study using Cenozoic paleosols from Oregon shows that paleotemperatures produced with this new proxy compare favorably with paleobotanical temperature estimates. Global climatic events are also evident in the Oregon paleosol record,
including a 2.8 °C drop across the Eocene-Oligocene transition comparable to marine records, and a Neogene peak temperature during the Mid-Miocene Climatic Optimum.
INTRODUCTION
The structure and chemical composition of paleosols provide a valuable continental paleoclimate archive, because climate is one of the primary factors controlling soil formation (e.g., Jenny, 1941) . Paleosols are found throughout the geologic record, reaching further back in time than other paleoclimate archives such as ice cores, and are preserved more commonly than paleobotanical assemblages. Attempts at quantifying distinct climate processes using paleosols have been met with varying degrees of success. While a number of proxies have been developed that effectively estimate paleo-rainfall for most paleosols (Sheldon et al., 2002; Retallack, 2005; Nordt and Driese, 2010a) , the development of a quantitative temperature proxy for paleosols applicable to more than single soil orders (e.g., Sheldon, 2006 ) has proven more difficult. At the same time, paleosol-derived paleotemperature estimates have been used for a number of applications ranging from paleoclimate(e.g, Retallack, 2007) to paleoelevation (e.g., Takeuchi et al., 2007) studies, making any substantial paleothermometry improvement applicable to a variety of fields. Sheldon et al. (2002) identified a modest relationship in modern soils between temperature and the molar ratio of Na and K to Al. While significant, the resultant climofunction has an error of ± 4.4 °C and effective range of 8-22 °C, which limits the utility of this proxy in that it is only applicable for a relatively narrow window of climatic conditions and cannot distinguish small climatic shifts. The  18 O of pedogenic carbonate in paleosols has also been proposed as a temperature proxy (Dworkin et al., 2005) . However, many paleosols lack pedogenic carbonate, and this proxy is complicated by both the variability of meteoric  18 O
MATERIALS AND METHODS
Soil chemistry data were compiled from three different studies of modern soils. Marbut (1935) includes whole-soil elemental data from 94 forest soils that are widely dispersed across the United States. The second source, Rasmussen and Tabor (2007) , includes chemical data for 10 forest soils in California and Baja California. The final source, Nordt and Driese (2010b) , contains soil chemistry data for 14 Vertisols in Texas, Alabama, and New Mexico. By convention, the chemical data from these three studies were converted from weight-percentages of oxides to a molar ratio. Means of B-horizon data were used because the long formation time necessary for horizon development allows equilibrium processes to predominate and precludes overprinting by short-lived climatic events such as ENSO (Sheldon and Tabor, 2009 ). Both Rasmussen and Tabor (2007) and Nordt and Driese (2010b) published climatic data associated with each soil sample; however, no climatic data was included in Marbut (1935) . Thus, the Marbut soil chemical data were paired with mean annual temperature (MAT) normals from the closest NOAA weather station (National Climatic Data Center, 2002) .
WEATHERING INDEX
The paleosol weathering index (PWI) used here is a modified version of the index of weathering originally published by Parker (1970) . The PWI is based on the fact that certain major elements (Na, K) are more susceptible to chemical weathering and subsequent leaching in a soil than others (Mg, Ca) at a molecular level. It approximates this susceptibility to weathering by assuming that a completely ionic bond exists between the cations and O for Na of 4.20 (see Table DR1 in the GSA Data Repository 1 for the exact values used to derive the coefficients). In this index, an element with a higher coefficient is considered easier to leach from a soil. While Na and K are found in minerals generally considered relatively resistant to weathering, such as alkali-feldspars, it has been shown that these weakly bonded cations can be preferentially leached from a feldspar while the aluminum-silica framework remains intact (Chou and Wollast, 1984) .
The PWI effectively captures the development of a soil's chemical composition away from that of its parent material (Fig. 1) . A high PWI value indicates a less-developed soil whose chemical composition is similar to that of its parent material. Conversely, a low PWI value is indicative of a well-developed soil that is depleted of alkali and alkaline-earth elements. This index reflects the fact that of these three soil orders, Ultisols tend to be the most leached of major base cations and Inceptisols the least (Fig. 1) . With the exception of the least developed Inceptisols, all of the soils in this data set have a PWI value that is distinct from parent rock material.
PWI PALEOTHERMOMETER
The relationship between the PWI and MAT values for each of the soils is used to derive a new paleothermometer. The modern soil PWI values are plotted against their respective MAT values in Figure 2 . Soils formed in areas with a MAT under 6 °C were not included in the regression ( Fig. 2 ) because weathering indices tend to behave at a much slower rate below this threshold (Óskarsson et al., 2012) . A regression through this data set produces the following paleothermometry relationship, which has a standard error of ± 2.1 °C:
A logarithmic regression (r 2 = 0.57, standard error [S.E.] = ± 2.1 °C) through the data set produced a better fit than a linear regression (r 2 = 0.50, S.E. = ± 2.3 °C), and is a more logical choice because chemical reaction rates in soils behave nonlinearly with respect to temperature (Turk et al., 2012) . Furthermore, it is also logical for the fit to reach an asymptote near zero because it is impossible to have a negative PWI value. This proxy has an arithmetic range of 8-36 °C, including error and using PWI values of 0.01 and 60. The fit is not improved by considering PWI depth-profile relationships or by a simple B-horizon minus parent material index. The relationship between the PWI and mean annual precipitation was also evaluated, but only a weak correlation exists (r 2 = 0.20; Figure DR1 ).
This paleothermometer should not be used on paleosols with a PWI over 60, because such paleosols are essentially indistinguishable from unweathered parent materials (Fig. 1) . The PWI value of the paleosol B-horizon should also be lower than the PWI value of the parent material. It is also essential to remove any carbonate from samples before analysis, because the presence of soil carbonates will result in an artificially high PWI value that is not reflective of the MAT. However, any acid treatment of samples may potentially leach cations loosely bound to phyllosilicate minerals, effectively producing a maximum MAT estimate.
The PWI-paleothermometer is specifically designed for clay-rich forest paleosols, which correspond to Argillisols and some Protosols (e.g., argillic Protosols) in the Mack et al. (1993) paleosol classification scheme. It does not apply to other soil orders, which have distinct properties resulting in different rates of cation leaching. For example, no significant relationship exists between PWI and MAT in Vertisols ( Figure DR2 ), which are comparably clay-rich (dominated by shrink-swell clays) to forest soil orders, but which form under strongly seasonal climates and under grassland and forb vegetation. The lack of a relationship can be attributed to the fact that cation leaching tends to be more inhibited in Vertisols than in forest soils, allowing for smectite to remain stable (Buol et al., 2011) . Icelandic Andisols also exhibit a distinct cation leaching behavior in which Na + and K + are more easily retained than Ca 2+ and Mg
2+
, which can be attributed to the poorly crystalline nature of the dominant clay minerals in the soils, allophane, ferrihydrite, and imogolite (Óskarsson et al., 2012) . Before applying the PWI-paleothermometer, it is critical to identify specific soil features indicative of a forest paleosol, such as a Bw or Bt horizon and clay coatings on peds or detrital grains, rather than relying solely on clay content.
Because the calibration of this proxy also excludes soils with a MAT below 6°C, any evidence of frost-wedging (i.e., Gelisol-like paleosols) precludes the use of this paleothermometer.
Although the PWI-paleothermometer is calibrated using mid-latitude modern forest soils with MATs ranging between 6 and 23°C, it is also applicable to paleosols formed under greenhouse conditions. Warmer worlds are characterized by increased equability and modified latitudinal distribution of environments rather than simply having uniformly higher temperatures.
For example, using a coupled ocean-atmosphere general circulation model with a dynamic vegetation component to evaluate Late-Cretaceous greenhouse climate, Zhou et al. (2012) found in high-CO 2 experiments (10x to 16x pre-industrial levels) that forest vegetation expanded poleward and that continental surface MAT ranged from 6-24°C at latitudes above 30°. This temperature range is consistent with the calibration dataset, suggesting that the PWIpaleothermometer can be applied to paleosols formed at mid to high-latitudes in a greenhouse world as well as to icehouse world conditions with environmental distributions similar to the modern calibration data.
OREGON CASE STUDY
To evaluate this new temperature proxy, MAT estimates were recalculated for the Retallack (2007) Oregon paleosol data set (Fig. 3) . This data set consists of B horizon majorelement data from 161 paleosols formed on volcanic and volcaniclastic parent materials in western Oregon and southeastern Washington, and which range in age from the mid-Eocene (45 Ma) through the Quaternary. The ages of these paleosols are very well constrained due to three types of age control: direct dating of ash beds, biostratigraphy, and magnetostratigraphy. (Meyers, 2003) . This compares favorably with the PWI-calculated paleosol temperature drop of 3.5 °C during the same time period (Fig. 3) .
One of the main problems with the original MAT estimates from the Oregon paleosol data set (Retallack, 2007) is that reconstructed temperatures fall to as low as 6.2 °C in the Late Oligocene and 4.7 °C in the Early Miocene when using the salinization paleothermometer of Sheldon et al. (2002) . These temperatures are significantly colder than regional paleobotanical estimates, with an estimate of 15.5 °C coming from the Late Oligocene (~24-27 Ma) Yaquina flora of coastal Oregon, and an estimate of 12 °C from the Early Miocene (~18-22 Ma) Eagle
Creek flora of northwest Oregon (Wolfe, 1994) . The PWI-paleothermometer better resolves this discrepancy, with calculated temperatures falling only to 10.5 ± 2.1 °C during this period ( °C, which is indistinguishable given the measurement error in both types of data.
The stacked deep-marine oxygen isotope curve provides a record of global climate trends to compare with the regional continental temperature record from Eastern Oregon (Fig. 3) .
Although it is difficult to compare the exact magnitude of temperature changes from the isotope curve due to changes in ice-volume, the timing of the trends are remarkably similar. The continental paleotemperature record captures trends such as cooling across the Eocene-Oligocene (E-O) boundary. Between 34.3 and 33.3Ma, the Oregon paleosols record a temperature drop of 2.8 °C, while the deep marine  18 O record increases by 0.8‰ (Fig. 3 ). Recent combined modeldata results predict a benthic oceanic cooling of 3-5 °C during the same time period (Liu et al., 2009 ), comparable to the paleosol-derived record. This cooling is followed by Late Oligocene warming that peaks at 24.5 Ma according to the marine record, which is synchronous with the maximum continental Late Oligocene MAT of 11.4 °C. After this event, the Oregon paleosol record reaches its Neogene maximum of 12.7 °C at 15.7 Ma, which is contemporaneous with the Mid-Miocene Climatic Optimum (Fig. 3) . Both records are then characterized by general cooling through the Pliocene and Quaternary. The one apparent difference between the two records is that while the marine isotope record documents a gradual cooling of deep marine water throughout the Middle to Late Eocene, terrestrial temperatures in Oregon appear to have risen.
However, the Oregon record in the Eocene is very low resolution making it difficult to assess the nature of this contrast.
CONCLUSIONS
As parent material chemically weathers during soil development, major cations are released and eventually leached from the soil. Na + and K + tend to be more easily leached than Ca 2+ and Mg
2+
, and this can be quantified using the PWI. In clay-dominated forest soils, there is a significant relationship between a soil's PWI value and mean annual temperature, allowing for the development of a new temperature proxy. The PWI paleothermometer is effective at reconstructing MAT in Inceptisols, Alfisols, and Ultisols, which correspond to Argillisol and Protosol paleosols. By improving upon previous clay-rich paleosol temperature proxies, it further demonstrates the effectiveness of soil-order specific paleosol proxies, and underscores the need for their continued development. The Oregon paleosol PWI record more accurately constrains Marbut (1935) , climatic data from National Climatic Data Center (2002). Reference 2-major element and climatic data from Nordt and Driese (2010) . Reference 3-major element and climatic data from Rasmussen and Tabor (2007) . Major element data from Reference1 were measured using wet chemistry techniques, while References 2 and 3 used xray fluorescence techniques with comparable error. Retallack (2007) 
